[1] Two millimeter-sized hydrothermal monazites from an open fissure (cleft) that developed late during a dextral transpressional deformation event in the Aar Massif, Switzerland, have been investigated using electron microprobe and ion probe. The monazites are characterized by high Th/U ratios typical of other hydrothermal monazites. Deformation events in the area have been subdivided into three phases: (D 1 ) main thrusting including formation of a new schistosity, (D 2 ) dextral transpression, and (D 3 ) local crenulation including development of a new schistosity. The two younger deformational structures are related to a subvertically oriented intermediate stress axis, which is characteristic for strike slip deformation. The inferred stress environment is consistent with observed kinematics and the opening of such clefts. Therefore, the investigated monazite-bearing cleft formed at the end of D 2 and/or D 3 , and during dextral movements along NNW dipping planes. Interaction of cleft-filling hydrothermal fluid with wall rock results in rare earth element (REE) mineral formation and alteration of the wall rock. The main newly formed REE minerals are Y-Si, Y-Nb-Ti minerals, and monazite. Despite these mineralogical changes, the bulk chemistry of the system remains constant and thus these mineralogical changes require redistribution of elements via a fluid over short distances (centimeter). Low-grade alteration enables local redistribution of REE, related to the stability of the accessory phases. This allows high precision isotope dating of cleft monazite. 
Introduction
[2] "Alpine" clefts are tectonically formed centimeter-to meter-sized, oriented voids in fissures and veins that become filled with hydrothermal fluid from which different minerals crystallize repetitively on the cleft walls. Formation of cleft is related to the prevailing tectonic stress field. Cleft mineralization has been systematically studied in the Alps by conventional stable isotope and/or fluid inclusion techniques [e.g., Poty et al., 1974; Mullis et al., 1994; Sharp et al., 2005; Tarantola et al., 2007] . These data show that the fluid pockets behave like a closed system and that they interact and equilibrate with the surrounding rock wall. Each deformation of the cleft is followed by an equilibration stage. Recently, UTh-Pb systematics of cleft monazite have been found to be a powerful tool to provide new insights into cleft fluid evolution in combination with ages of mineral crystallization [Janots et al., 2012] . The fluid composition in the cleft controls chemical redistribution of elements and influences the mechanical properties of the host rock. Constraining the timing of cleft formation by isotope dating provides further insights into the tectonic evolution at very low-grade metamorphic conditions, where brittle deformational regimes dominate. The time-deformation data that can be obtained from cleft mineralization can be compared with mica cooling ages and fission track data obtained on surrounding rocks. A major advantage of the method is that cleft monazite isotope dating provides precise ages. This is a result of essentially negligible issues with diffusion in the Th/Pb system at very low-grade conditions and the structural control between the cleft (brittle structure) and the mineralization. The precise monazite ages can be compared with geothermochronometers, which are based on temperature-controlled processes such as diffusion or annealing in a lattice (fission track dating). The comparison of Th/Pb low temperature crystallization ages with other thermochronometers provides further insights in exhumation history and timing of brittle structures. FT samples Michalski & Soom 1986 (e) Data from Dolivo [1982] . Abbreviations: RS: Rhone-Simplon line; RKG: Rote-Kuh-Gampel fault.
[3] Cleft formation and correlated fluid-rock interactions include different processes (e.g., fluid evolution, dissolution and crystallization of minerals, differential stress, etc.). The role of dissolution-precipitation during such processes is of special importance for rare earth elements (REE), which are often considered to be immobile. In addition, their transport and redistribution yield important information that potentially helps our understanding of the formation of REE ore deposits and radioactive waste deposits [e.g., Stipp et al., 2006; Ewing et al., 1995] . The concentration of actinide and REE during fluid/rock interactions depends on the fluid chemistry, the solubility of the elements, and stability of relevant REE minerals. Examples of dissolution and redistribution of REE minerals have been reported in low-grade shear zones [Rolland et al., 2003] .
[4] In this study, we investigate a cleft formed by late transpressional dextral movements in the southwestern part of the Aar Massif in the Swiss Alps (Figure 1 ). Structural and mineralogical data indicate that the formation of this cleft occurred later than the Alpine metamorphic peak. Our results shed light on changes in REE mineralogy, chemical, and geological processes occurring during formation of this cleft and show that a brittle structure can be dated with hydrothermal monazite.
Geological Setting
[5] The Aar massif represents a polycyclic basement window belonging to the external massifs of the Alps (Figure 1 ). This crustal basement block is part of the European plate and was displaced under greenschist facies metamorphic conditions during late Alpine tectonics [Bousquet et al., 2012] . The Aar massif mainly consists of pre-Variscan gneisses, which were intruded by granites during the late to post-Variscan orogeny (~300 Ma) [e.g., Schaltegger, 1994] .
[6] The study area is characterized by different deformation phases, which include both pre-Alpine and Alpine structures. Three Alpine deformation phases can be identified in the adjacent Mesozoic metasediments and correlated into the basement where the cleft is located (Figure 2 ) [Schenker, 1946; Baer, 1959; Labhardt, 1965; Steck, 1966 Steck, , 1968 Gasser and Dolivo, 1980; Dolivo, 1982; Soom, 1986] . The first phase is only evident as a relic foliation in Mesozoic metasediments (D 1 ). Horizontal clefts (ZK 1 ) structurally related to this deformation phase are dominant north of the study area. These clefts developed late during the first deformation phase and perpendicular to the mineral lineation L 1 . The second phase is the dominant deformation event in the study area, producing the transpressive shortening of the basement cover part of the western Aar massif (Figure 2 ). This deformation produced a main schistosity (S 2 ) and lineation (L 2 ) parallel to fold axes which plunge~20°t o SW. The metasediments underwent ductile deformation, whereas the cleft-bearing granite displays a network of brittle deformation features (e.g., brittle faults and fractures). A third deformation (D 3 ) produced a crenulation cleavage (S 3 ) in the Mesozoic metasediments (equivalent to F IV of Dolivo [1982] ). In addition, various localized faults developed. A second group of clefts (ZK 2 ) is oriented perpendicular to L 2 and developed late during D 2 deformation and/or during D 3 deformation.
[7] The investigated, steeply oriented ZK 2 cleft developed in a granitoid gneiss. The cleft itself dips very steeply toward NE, is several meters high, and roughly 1 m wide in the central part. It is located at the western side in the Baltschieder valley (Figure 1 ; near locality 1036 of Soom [1986] ). Alpine clefts typically have complex, histories with multiple opening events. Smaller clefts and fissures (mineralized and nonmineralized) occur subparallel to the main cleft. The distance of the cleft to the Mesozoic metasediments is <100 m. The thin band of metasediments represents the hinge of a nearly isoclinal syncline (Figure 1 ). The axial plane of this fold can be followed from St. German toward Schiltfurgge (Figure 1 ). This strong asymmetric folding is coeval with dextral shearing, resulting in a new schistosity oriented parallel to the main foliation but with a subhorizontal lineation. The related dextral strike slip movements are best visible inside the granitoid gneisses. The investigated ZK 2 cleft system occurs not only in the crystalline basement but also in surrounding metasediments [e.g., Fellenberg, 1893; Niggli et al., 1940; Steck, 1966; Soom, 1986] .
[8] The Alpine metamorphism is best expressed in Mesozoic metasediments. Chloritoid has been described in localities a few kilometers west of the study area [Frey and Wieland 1975] . The paragenesis chloritoid-chlorite-white mica indicates greenschist facies conditions during peak metamorphism of the area. This paragenesis is replaced by a lower grade metamorphic pyrophyllite-chlorite paragenesis further north [Frey et al., 1999] . The timing of the thermal peak is not well constrained, but shear zones that formed at similar metamorphic conditions are dated around 21.0 ± 0.2 Ma in the Grimsel area [Rolland et al., 2009] . After the thermal maximum was reached in southern Aar massif, a second phase of deformation is documented and dated as 14-11 Ma [9] In the study area, zircon fission track ages (FT) are reset by Alpine metamorphism and show cooling below the zircon FT annealing zone (<280°C) at 8 Ma [Michalski and Soom, 1990] . Cooling below the partial annealing zone of FT in apatite (~120°C) occurred in the study area between 2.0 and 3.6 Ma, coeval with cooling of the Aar massif further west (southern portal of the Lötschberg base tunnel) [Reinecker et al., 2008] .
Host Rock and Cleft

Host Rock Mineralogy and Bulk Chemistry
[10] The investigated country rock samples were collected at distances of 0 (Balt5 in Table 1 ) to 45 m from the cleft (Balt10 in Table 1 and Figure 1d ). The host rock is a granite containing two feldspars, quartz, biotite, and muscovite (see also Table 1 ). The granitoid texture is generally preserved, even though there is greenschist facies alteration of the feldspars and biotite to white mica, albite, and chlorite. On top of this pervasive alteration, micrometer-to millimeter-sized porosity developed in several samples. These voids are the location of newly formed micrometer-scaled mineral clusters consisting of different REE minerals, white mica, and chlorite (see also below).
[11] The brownish biotite in the granite has X Mg of~0.37 and TiO 2 contents of 2.3 wt %. There are slight variations in biotite composition, most likely due to minor alteration, but only one group of biotite has been identified. The white mica can be differentiated in three groups. The two first groups have similar compositions (Table 2 ) but different textural characteristics. Large flakes represent primary muscovite of the granite (two mica granite). More frequent are small grains that grew inside feldspars or in foliation planes (sericite). The third group of white mica differs in texture and has a higher phengite component. These phengites are widespread and occur in cracks of older muscovite or as small, newly formed micrometer-sized platelets in voids. They have Si contents between 3.24 and 3.36 pfu ( Table 2 ). The related celadonite exchange includes Fe and Mg (Mg♯ of~0.3-0.45; Table 2 and Figure 3 ). The ferrimuscovite exchange is difficult to estimate, because calculated Fe 3+ depends on the composition of the (OH) site (occupied by O in oxymicas) and the precision of the analysis (Figure 3) .
[12] The bulk rock composition was measured for five samples taken at several tens of meters distance around the cleft (Figure 1d ). No alteration trend was identified. All samples show very similar bulk rock chemistry despite variable alteration mineralogy and textures (Table 1 and Figure 4 ; Appendix). 
REE Minerals in the Host Rock
[13] All country rock samples show a similar mineralogy of accessory REE-bearing minerals consisting of monazite, apatite, zircon, allanite, and different Y-rich minerals (see below). Two groups of monazite occur: (1) primary grains characterized by high Th and Y contents, and (2) secondary grains with low Th and U contents. Primary monazite (mnz 1 ) occurs as isolated, several tens of micrometer-sized grains enclosed in feldspar or quartz. This primary monazite is often overgrown by allanite ( Figure 5 and Table 3 ). U-Th-Pb electron microprobe (EMP) chemical dating of these monazite grains indicates a Variscan age. These primary minerals have partly survived the Alpine evolution as relics inside the investigated alteration zone. In addition to relics of primary monazite, a second group of monazite (mnz 2 ) occurs as small, irregular tens of micrometer-sized grains. They are lower in Th and U than mnz 1 and fall in the field of hydrothermal monazites as defined by Janots et al. [2012] . The measured Th/U values are, however, slightly different from the cleft monazite (Table 3) . Small thorite grains (~1-5 μm) are common in the immediate vicinity of such monazites. Allanite is the most common light REE phase. It occurs as overgrowths on mnz 1 , as isolated, 100 μm-sized irregular grains, and as grain aggregates. The latter are mainly found in biotite clusters. Some larger grains show minor zoning in backscattered images, but most allanite grains are relatively homogeneous. Small alteration rims around allanite have been observed containing higher Th contents. These rims are only 0.5 to 1 μm thick.
[14] Y-rich, Si-bearing minerals containing REE (Table 4  and (Table 4) suggest a best fit with a carbonate. In contrast, the measured Si/(Y + REE) ratios of 1.2 are more indicative of oxides/hydroxides than carbonates. A comparable occurrence of a secondary REE mineral in shear zones of the Mont Blanc massif has been interpreted as tombarthite [Rolland et al., 2003] . In the following, we will use "tombarthite" in the text to indicate the uncertainty of the mineral name. These Y-Si minerals are the dominant Y-phase in the alteration zone. EMP data of this mineral show ΣREE between 17 and 22 wt % with an enrichment in middle REE (Figure 6 ). A second important secondary Y-phase is a Y-Nb-Ti mineral. The stoichiometry indicates a mineral of the pyrochlore or aeschynite group (Table 5) which is most likely derived from the ilmenite of the granite. The alteration of ilmenite can also be related to formation of TiO 2 phases (anatase, brookite, rutile) in the alteration zone and the cleft.
Cleft Mineral Association
[15] The mineral content of the investigated ZK 2 cleft is dominated by quartz, adularia, albite, chlorite, and TiO 2 minerals (predominantly anatase, followed by rutile) and ilmenite. Apatite, xenotime, and bertrandite have also been found in the investigated cleft [Stalder, 1990; Paul Bähler, pers. comm.] . Brookite and ilmenite have been reported from two out of three monazite-bearing clefts in the vicinity [Soom, 1986] . In the studied cleft, monazite crystallizes at a late stage (at the very end of adularia and quartz crystallization), together with anatase. Monazite is the dominating cleft REE mineral. Allanite does not form part of the cleft mineral association.
Cleft Monazite
Monazite Composition
[16] Monazites are slightly pinkish and 1-2 mm in size. The cleft monazite composition is typical of hydrothermal setting [Mannucci et al., 1986; Janots et al., 2012] with ThO 2 contents between 0.8 and~3 and <0.05 wt % UO 2 contents. The Y 2 O 3 contents are around 0.5 wt %. The Th/U ratio varies between 30 and 215. These values are considerably higher than values found in high-and medium-grade monazites in rocks (average Th/U values: 3-7) [Janots et al., 2008 [Janots et al., , 2012 . The composition and REE pattern of the lowgrade monazite (mnz 2 ) in the country rock and the clefts are equivalent (Table 3) . However, the cleft monazites display different growth zones with varying Th content.
Th-U-Pb SIMS Results
[17] We analyzed the visible growth domains of two monazite crystals grown on cleft quartz. BALT4 is partly enclosed in quartz, whereas BALT2 grew on the surface of quartz. For both grains, SIMS Th-U-Pb dating was performed at multiple locations on central sections of the two grains (Figures 7  and 8 and Table 6 and 7). 232 Pb dating was preferred to U-Pb dating due to significant contribution of common Pb and 206 Pb excess in Alpine cleft monazite [Gasquet et al., 2010; Janots et al., 2012] . The uncorrected U-Pb data contain different Pb components, which can be identified in a TeraWasserburg diagram (Figure 9 ). The main contributors to Pb concentrations are common and radiogenic Pb components and an additional excess Pb component (Figure 9 ).
[18] In BALT2, different domains can be distinguished based on Th-U composition and texture (Figure 7) . A zone with a low backscattered electron (BSE) contrast yields relatively old ages and represents the core of the grain, with a [19] In the smaller BALT4 grain, 232 Pb ages indicate a more complex 3-D zoning. Analysis spot 16 represents a mixed analysis obtained on the rim. The core region of the grain consists of three age domains that are correlated with different Th/U ranges (Figure 8 ). The oldest domain (analysis 1, 4-9, 13-15) yield an average age of 7.71 ± 0.40 Ma (MSWD = 7.4; average Th/U ratio: 99). The second group (17, (19) (20) (21) 26 ) has a weighted mean of 7.40 ± 0.17 Ma (MSWD = 0.95; average Th/U ratio: 54). The region displaying a lighter BSE contrast (spots 2-3 and 10-12; Figure 7 ) gives an age of 6.49 ± 0.25 Ma (MSWD = 1.4). The youngest analysis spots (18, (22) (23) (24) are found in the upper left rim in Figure 6 showing low Th/U ratios (average: 24). They yield an average age of 6.25 ± 0.60 Ma (MSWD = 5.5). Analysis 25 represents an isolated age spot with high Th/U ratio and high Th content (bright zone in Figure 7 ), and most likely includes exsolution of a Th-phase.
Discussion
Ages
[20] The isotope data show different amounts of excess Pb components ( Figure 9 ) and different age domains with analytically reproducible ages (low MSWD). In the monazites studied, the weighted mean 232 Pb ages of individual growth domains generally overlap within error. This is often used as a criterion to calculate an average age for an entire grain. However, we know from fluid inclusions that cleft mineral crystallization is a stepwise process [e.g., Sharp et al., 2005] , which can also include dissolution steps. For this reason it makes little sense to present an average crystallization age for an entire grain. With respect to brittle deformation, our data indicate that cleft formation occurred slightly before 8.03 ± 0.22 Ma and that monazite growth continued until 6.25 ± 0.60 Ma (Table 8) . Some age domains show Table 4 for data).
homogeneous compositions, textural positions, and ages (e.g., rim of BALT2, core1 of BALT4), whereas others are less homogeneous; the latter is expressed by elevated MSWD values.
Monazite, Allanite, and Y-Mineral Forming Reactions
[21] The investigated country rocks of the cleft show a network of brittle deformation planes. According to Soom [1986] , the hydrous fluid in ZK 2 clefts typically contains 4.2-7.6 wt % NaCl equivalent and <2 mol% CO 2 . However, there is no obvious variation in bulk rock composition of the cleft wall rock with distance to the cleft (Table 1) . This is in contrast to shear zones in granitic rocks studied in the Mont Blanc massif [Rolland et al., 2003] , where changes in REE mineralogy are associated with significant changes in bulk rock REE concentrations. The most pervasive transformation is connected to greenschist facies Alpine metamorphism, which is responsible for allanite growth (+ new rock-forming minerals) at the expense of monazite [e.g., Janots et al., 2008] (Figure 5 ) and can be summarized with reactions of the type:
[22] This is indicated by the EMP Variscan age of monazite relics (mnz 1 ) and the reaction texture of monazite replaced by allanite (Table 3 and Figure 5 ). Additional mineral changes in granite are caused by hydrothermal fluid-induced reactions during deformation of the granite superimposed on the lowgrade Alpine metamorphic assemblages. The second type of reaction in the granite is characterized by the growth of various new REE-bearing phases in the alteration zone and the cleft ( Figure 5 ): (1) formation of monazite 2 from allanite, (2) development of the Y-Si minerals (tombarthite), and (3) development of Y-Nb-Ti minerals (pyrochlore/aeschynite).
[23] TiO 2 (anatase, brookite) and ThSiO 4 (thorite) form in association with this alteration. One possible reaction to form monazite 2 from allanite is allanite þ apatite ¼> monazite 2 þ chlorite þ fluid including Ca ð Þ ð 2Þ
[24] This reaction occurs in the host rock but is probably also linked to the formation of cleft monazite. By comparing allanite and newly formed monazite compositions, there is excess in Y, Th, and U (if reaction (2) is balanced for Ce). The incompleteness of reaction (1) allows also direct reactions to form monazite 2 from monazite 1 :
[25] Reaction (3) would also be a source of Y and Th (but not Nb). This reaction is considered unimportant due to the 
Cleft Formation in a Geological Context
[26] Isotopic analyses of two cleft monazites yield similar 208 Pb/ 232 Th ages of 6-8 Ma (see section on Th-U-Pb SIMS results; Table 8 ). As discussed in the geological setting, the clefts developed perpendicular to L 2 and in the late stages of the D 2 deformation and during D 3 deformation (Figure 2 ). The regional stress field controls the relationship between shortening directions and opening of the cleft. In this context, the main foliation (S 2 ) can be interpreted as plane perpendicular to maximum stresses, whereas the opening direction of the cleft would be the direction of the minimum stresses. All these data are compatible with a stress field for D 2 deformation (Figure 10 ). In addition, the maximum stress direction for the finite deformation of D 3 rotates around~45° (Figure 10) [Dolivo, 1982] . Also, available orientations of ZK 2 clefts [Soom, 1986] allow a minor rotation of the maximum stress field between D 2 and D 3 (Figure 10 ). In any case, the intermediate stress axes have to be close to vertical. This is a situation characteristic of strike slip movements and is also consistent with observed kinematic indicators (e.g., rotated clasts, shear bands). Other ductile, dextral strike slip to locally dip-slip shear zones in the Grimsel area of the Aar Massif (~40 km to the NE) were active between~14 and 12 Ma ( 40 Ar/ 39 Ar white mica ages; stage 2 of Rolland et al. [2009] ; Table 8 ). Moreover, at the southern border of the Aar massif near the village of Baltschieder, phyllonites have been related to the activity of the dextral Rhone-Simplon line (Figure 1 ) [Campani et al., 2010, and references therein] . These phyllonites (mylonites) yielded white mica 40 Ar/ 39 Ar ages between 13.7 ± 0.1 and 11.0 ± 0.1 Ma [Campani et al., 2010] (for sample localities, see Figure 1 ). Some of these dated shear zones may be related to the stress field that caused formation of ZK 2 clefts.
[27] Campani et al. [2010] indicate overall fault activity between 20 and 3 Ma along the Rhone-Simplon line, whereas the well-documented and dated telescoped crustal section occurs along the normal fault segment (Simplon line sensu strictu). This deformation occurred continuously and over 15 Ma. The strike slip part of the Rhone-Simplon line has an intermediate N-dipping orientation. In contrast, the planes of the D 2 deformation with dextral movements dip to the NNW (Figure 10 ). The age difference of 4-6 Ma between the 40 Ar/ 39 Ar age of the phyllonites near Baltschieder [Campani et al., 2010] (Figure 1 and Table 8 ) and the cleft monazites investigated here may be interpreted in the following ways:
[28] 1. The white mica ages in mylonites record a small time window in a continuous ductile deformation event and can be disturbed by excess Ar. The latter is excluded in modern Ar studies of shear zones where a complete resetting of micas at least in the presence of water is indicated [e.g., Rolland et al., 2008; Sanchez et al., 2011] .
[29] 2. The white mica Ar ages date the earlier, higher temperature evolution of a continuous deformation process and the cleft monazites growth during the late brittle stage.
[30] 3. The two data sets are not directly comparable, because the slight divergence in orientations of the dated structures.
[31] In any case, the data indicate ongoing deformation during the lower Miocene within and at the border of the Aar massif (Figure 1 and Table 8 ). The later deformation is consistent with the brittle deformation further NE along brittle fault planes [Pleuger et al., 2012] .
[32] The timing and conditions of deformation responsible of ZK 2 cleft formation can be compared with available thermochronological data from the literature.
40 K/ 40 Ar dating of adularia from a neighboring, parallel cleft (locality 1036 in Soom [1986] ) yielded maximum crystallization ages of 13.0 ± 1.0 Ma, due to recorded Ar overpressure. This age thus (Table 7) . Table 6 . SIMS U-Th-Pb Isotopic Ratios and Th/Pb Ages in BALT2 Monazite Domains provides a conservative maximum age of the ZK 2 cleft adularia crystallization, which starts shortly after cleft formation. The adularia rim dating of 10.5 ± 1.0 Ma provides a maximum age for the final crystallization of adularia. Two additional groups of data are available: (1) Zircon FT ages, and (2) fluid inclusion data. The available zircon FT ages of 8 Ma [Michalski and Soom, 1990] are similar or older than the dated cleft monazites. Therefore, the cleft monazite formed at or below conditions of zircon FT annealing zone. The absolute temperatures for the partial annealing zone of zircon FT are under discussion, but all different data sets indicate temperatures below 280°C [e.g., Yamada et al., 1995; Bernet, 2009] .
[33] Available isochores from fluid inclusions in quartz from a parallel cleft indicate quartz crystallization at 220°C-280°C and~0.8 kbar [Soom, 1986] . Recall that cleft monazite growth starts when quartz and adularia growth ceases. The PT conditions are calculated from measured isochores and an assumed thermal gradient. The isochores have an uncertainty related to the volume estimate of the fluid inclusion (optical estimates) and the assumed and thermal gradient. However, the PT estimates from ZK 1 fluid inclusions are consistent with peak metamorphic conditions indicated by the mineral paragenesis observed in rocks and a 30°C/km lithostatic gradient. For this reason, the temperature estimate obtained from fluid inclusion data of ZK 2 is considered to be robust. Physical conditions below 280°C for the cleft formation are in agreement with the fluid inclusion data, the FT data, and ductile deformation in metasediments while brittle deformation prevails in the crystalline basement. The structures and the physical conditions represent the final stage of the major deformation. This occurs during the retrograde history including cooling and exhumation of the western Aar massif. Whether the rim crystallization of BALT2 is caused by the D 3 deformation of the D 2 cleft needs to be confirmed with analyses of monazite from a D 3 cleft.
Summary and Conclusion
[34] The presented example shows the potential to date or constrain brittle deformation with monazite crystallization ages. The monazite Th/Pb system is not influenced by later diffusion; therefore, it provides additional information to fission track data. High precision of individual data points is only possible in large crystals occurring in clefts. The method is even more powerful if it can be combined with fluid evolution data. However, in combination with structural analysis and cleft mineral growth sequence, the ages provide new insights into the timing and evolution of brittle deformation in orogenic basement.
[35] The investigated cleft represents such an example, where deformation and Alpine exhumation/cooling models derived from FT data can be combined. Cleft formation is correlated with alteration and growth of new minerals in the country rock. Minerals crystallizing in the cleft (quartz, adularia, chlorite) have also been found in pores of the cleft wall rock. The NaCl bearing brine filling the cleft has the capability of redistributing actinides, REE, and Y in the country rock. This is most likely related to the ligands of such fluids [e.g., Rolland et al., 2003; Janots et al., 2012] . The newly formed carbonates in the country rocks indicate a certain amount of CO 2 in the water-dominated fluid. The retrograde character of the alteration and the cleft exclude a local fluid source (i.e., the granite itself). Therefore, the fluid flow is largely a result of local alteration and probably includes elements derived from nearby metasediments ( Figure. 1) .
[36] The investigated cleft monazite crystals give a lower age limit for mineral growth in this cleft, lasting from 8.03 ± 0.22 to 6.25 ± 0.60 Ma (Table 8) . They also yield an estimate of the time when brittle deformation started in competent lithologies in the shear zone. The overall stress field can be summarized to final stages of dextral movements along steep NNW dipping planes. The orientation and Rolland et al. [2009] relative age constraints of the clefts are consistent with its formation during the late stages of the main deformation phases (D 2 /D 3 ; dextral transpressional deformation). 
